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Abstract: Dietary carbon sources in headwater stream food webs are divided into allochthonous
and autochthonous organic matters. We hypothesized that: 1) the dietary allochthonous contribution
for fish in headwater stream food webs positively relate with canopy cover; and 2) essential fatty acids
originate from autochthonous organic matter regardless of canopy covers, because essential fatty acids,
such as 20:5ω3 and 22:6ω3, are normally absent in allochthonous organic matters. We investigated
predatory fish Salvelinus leucomaenis stomach contents in four headwater stream systems, which are
located in subarctic region in northern Japan. In addition, stable carbon and nitrogen isotope ratios,
fatty acid profile, and stable carbon isotope ratios of essential fatty acids were analyzed. Bulk stable
carbon analysis showed the major contribution of autochthonous sources to assimilated carbon in
S. leucomaenis. Surface baits in the stomach had intermediate stable carbon isotope ratios between
autochthonous and allochthonous organic matter, indicating aquatic carbon was partly assimilated
by surface baits. Stable carbon isotope ratios of essential fatty acids showed a positive relationship
between autochthonous sources and S. leucomaenis across four study sites. This study demonstrated
that the main supplier of dietary carbon and essential fatty acids was autochthonous organic matter
even in headwater stream ecosystems under high canopy cover.
Keywords: fatty acids; dietary sources; allochthonous; Salvelinus leucomaenis
1. Introduction
Aquatic animals are supported by two basal organic carbon sources, autochthonous
(aquatic primary producers) and allochthonous sources (fallen leaf litter and insects from surrounding
terrestrial ecosystems) [1]. Contributions of these basal organic carbon sources to aquatic food webs
depend on the proportion of microalgal and phytoplankton productivity, and the number of terrestrial
subsidies [2]. For lower order headwater streams, as high canopy cover promotes abundant inputs of
litter falls [3] and limited productivity of attached algae due to shading effects [4], the main carbon
sources for aquatic consumers are predicted as allochthonous by the river continuum concept (RCC) [5].
However, food web studies in headwater streams have demonstrated that the dominant dietary
contribution for macroinvertebrates is both autochthonous [6,7] and allochthonous [8,9], indicating
that the predominant carbon sources for headwater stream food webs are unclear.
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Previous studies on the dietary contribution of these basal organic carbon sources have mainly
focused on quantitative contribution; however, studies focusing on dietary quality are relatively rare
in headwater stream food webs [10,11]. For instance, essential fatty acids are known to be important
nutrition for fish health [12–14]. In particular, the roles of 20:5ω3 and 22:6ω3 in fish growth, survival,
and reproduction have been studied in many species [15–17]. These studies have demonstrated that
dietary essential fatty acids could improve fish condition. Freshwater fish can synthesize 20:5ω3
and 22:6ω3 if 18:3ω3, which is precursor of these two essential fatty acids, is available from dietary
sources [13]. However, the conversion efficiency in aquatic animals is generally very low. Consequently,
direct intake of these fatty acids from dietary sources is required [18]. However, terrestrial organic matter
contains only 18:3ω3 but not 20:5ω3 and 22:6ω3, indicating that terrestrial organic matter is nutritionally
poor [18]. 20:5ω3 is present at high levels in diatoms [19], which are sometimes the dominant algae
attached to the surface of substrates in headstream ecosystems [20]. This implies that autochthonous
organic carbon (i.e., attached algae) may be the main essential fatty acid source for consumers,
although other carbon components are derived from allochthonous inputs in headwater streams.
Stable isotope ratios of bulk carbon in consumers reflect those of assimilated diet with only minor
fractionation (<1%), which enable us to infer its dietary carbon sources [21]. In addition, stable carbon
isotope ratios of autochthonous organic sources (e.g., attached algae) and allochthonous organic sources
are distinguishable in many cases [8,22]. Accordingly, the contribution of allochthonous organic matter
to stream food webs has been evaluated by bulk carbon stable isotope ratios [8]. Stable isotope ratios
of bulk nitrogen (δ15N) have also been used in food web studies, because of its usefulness to evaluate
the trophic position of animals owing to the substantial enrichment of approximately 3% relative to
that of assimilated diet [23–25].
For tracing the dietary essential fatty acid origin, although their carbon stable isotope ratios would
be helpful, information about isotopic fractionation of essential fatty acids between diet and consumers
is limited. For instance, Budge et al. [26] demonstrated that there was no isotopic fractionation
in several essential fatty acids between the diet and serum of fish in a feeding experiment with
Atlantic Pollock. Moreover, an almost isotopically unchanged transfer of 18:2ω6 and 18:3ω3 between
diet and zebrafish Danio rerio was observed in a 100-day feeding experiment with constant dietary
sources [27]. Several aquatic food web studies have already assumed no fractionation of isotopic value
of essential fatty acids [28,29]. On the contrary Gradyshev et al. [30] found gradual depletion of stable
carbon isotope ratios of essential fatty acids, including 18:2ω6 and 18:3ω3, through higher trophic
levels in a stream food chain, suggesting that fractionation was negative. Depleted fractionation in
18:3ω3 was also reported in zooplankton in a feeding experiment [31]. Depleted fractionation in other
essential fatty acids have been also reported by a feeding experiments with Daphnia [32]. This can
be explained by lighter compounds being assimilated preferentially. As above, the information on
fractionation of fatty acids are not sufficient and they were conflicting (i.e., no or small fractionation
and negative fractionation). Nielsen et al. [33] pointed out more information on the fractionation of
fatty acids are required for diet tracing study. Thus, we did not apply a constant value of isotopic
fractionation of essential fatty acids in a food chain in this study. We applied a correlation analysis of
stable carbon isotope ratios of essential fatty acids between diet and consumer among the study sites.
If organic sources consistently contribute to consumers and have wider isotopic differences, one would
expect to detect a significant and positive relationship in stable carbon isotope ratios of essential fatty
acids between consumers and assimilated food source regardless of isotopic fractionation [34–36].
Here, we tested the following two hypotheses that: 1) the dietary allochthonous contribution for
fish in headwater stream food webs positively relates with canopy cover; and 2) essential fatty acids
originate from autochthonous organic matter regardless of canopy covers. To test these hypotheses,
we analyzed fatty acid compositions and bulk carbon and compound-specific isotope ratios in fish
from four headstream ecosystems.
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2. Materials and Methods
2.1. Sampling
We conducted field surveys in four headwater streams, located in subarctic area in the northern
part of Japan from July to September 2016 (Table 1). Canopy cover was calculated from a hemispherical
photography taken from the center of each stream using CanopOn2 program [37].
Table 1. Description of study sites in this study.
Study Site GPS Order Sampling Date Canopy (%) Water Temperature (◦C)
Babame N39.8678◦, E140.2552◦ 1 10 July 93.5 15.9
Hayakuchi N40.4227◦, E140.3470◦ 3 20 July 67.6 15.6
Kurikoma N38.9169◦, E140.7356◦ 1 2 September 91.1 14.2
Naruse N 39.0716◦, E 140.7187◦ 3 18 September 63.5 18.5
Salvelinus leucomaenis is a dominant predatory fish in these four study sites. The main dietary sources
of S. leucomaenis are larvae and adults of aquatic insects and terrestrial insects [38,39]. S. leucomaenis was
sampled by fishing. The total length and whole wet weight were measured and a muscle near the pelvic
fins was dissected for further analyses. The stomach was preserved in 90% ethanol. For autochthonous
organic sources analyses, epilithic biofilm, which was mainly composed of attached algae, was removed
using a brush from several randomly selected stones. The collected epilithic biofilm was placed in
a plastic sampling bottle with distilled water. The bottle containing algae was filtered through two
glass filters (GFF; Whatman, Little Chalfont, UK) in the laboratory for fatty acid and bulk stable
carbon and nitrogen isotope analyses. For allochthonous organic sources analyses, decomposed
immersed leaf litter was sampled into a plastic bag. Both autochthonous and allochthonous organic
sources were sampled in triplicate. The larvae of aquatic insects including Ephemeroptera, Trichoptera,
and Plecoptera, which are potentially a direct dietary source for S. leucomaenis, were collected using
D-frame nets (250 µm mesh) and sorted in the laboratory. Heptageniidae and Ephemerellidae were
used for further analysis as they were dominant and commonly detected across all four study sites.
All collected samples were transported to the laboratory in a cooler box. All samples were placed in
a plastic bag separately and stored in a freezer at −20 ◦C until further analysis.
Additional sampling for analyses of bulk stable isotope ratios of S. leucomaenis, its stomach
contents, epilithic biofilms, and leaf litter were conducted in the same location of Babame in July 2018.
The same sampling procedure was applied except for stomach contents. The stomach of S. leucomaenis
was placed in a plastic bottle with distilled water and moved to laboratory in a cooler. The stomach
contents were identified and separated. S. leucomaenis, epilithic biofilms, and leaf litter were treated
following the method mentioned above. All samples were preserved in a plastic bag and stored in
a freezer at −20 ◦C until further analysis.
2.2. Analyses
The stomach contents of each S. leucomaenis individual were divided into four groups based on
the morphological characteristic using a stereoscopic microscope: water baits (larvae of aquatic insects)
and surface baits (adults of aquatic insects and terrestrial insects) according to the definition of
Tsuda [38], terrestrial plants, and unknown. Each group was weighted and the contribution of each
group was calculated.
Freeze-dried samples of S. leucomaenis, both organic sources, and aquatic insects were used for
the ‘one-step method’ [40] for fatty acid analysis. For aquatic insects, two or three individuals were
pooled as one sample, and prepared three samples in each study sites. Freeze-dried samples were
moved to a 10 mL glass tube. For S. leucomaenis, aquatic insects, and leaf litter, approximately 50 mg
of homogenized sample was used. For epilithic biofilms, one sheet of GFF was used in the analysis.
One milliliter of an internal standard (0.1 mg of tricosanoic acid per 1 mL of hexane), 1 mL of hexane,
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and 0.8 mL of 14% boron trifluoride methanol were added to the 10 mL glass tube. Nitrogen gas was
then used to fill the head space. The glass tube was placed in a 100 ◦C dry bath for 2 h, followed by
cooling to room temperature, and 0.5 mL of hexane and 1 mL of ultrapure water were added. The glass
tube was vigorously shaken manually and centrifuged for 3 min at 2,500 rpm. The upper layer of
hexane, containing fatty acid methyl esters (FAMEs), was transferred to a 1.5 mL gas chromatography
(GC) vial. Solid residues of S. leucomaenis were used for bulk carbon and nitrogen isotope ratio analysis.
One microliter of FAME solution was injected in a gas chromatograph (Trace GC, Thermo
Fisher Scientific, Bremen, Germany) equipped with a capillary column (Select FAME, 100 m × 0.25
mm i.d.; Agilent Technologies, Santa Clara, CA, USA). The GC analysis was carried out under
the analytical conditions described by Fujibayashi et al. [28]. Each fatty acid peak was identified by
comparing their retention times with those of commercial authentic standard mixtures (Supelco, Inc.,
Bellefonte, PA, USA). The peak area was used for calculating the contribution of each fatty acid to total
fatty acids.
After fatty acid analysis by GC, the remaining hexane sample was used to analyze the essential
fatty acids stable carbon isotope ratio. FAMEs in the hexane solution were injected into a GC–isotope
ratio mass spectroscopy instrument (Trace GC Ultra/Delta-V Advantage; Thermo Fisher Scientific,
Bremen, Germany), which was equipped with a capillary column (SP2560, 100 m × 0.25 mm i.d.;
Supelco, Inc., Bellefonte, PA, USA). The operating conditions were as described by Fujibayashi et al. [29].
Each essential fatty acid peak was identified as described above for the GC-FID analysis. Stable carbon
isotope ratios of fatty acids were determined using the following formula:
δ13C or N (%) = (Rsample/Rstandard − 1) × 1000 (1)
where Rsample is the 13C/12C ratio of the sample, and Rstandard is the 13C/12C ratio of the international
isotopic standard (i.e., Vienna Pee Dee Belemnite).
Correction for the effect of additional carbon from boron trifluoride methanol on δ13C was
conducted according to Fujibayashi et al. [29]. The stable carbon isotopes of fatty acids in S. leucomaenis,
epilithic biofilms, and terrestrial litter samples were analyzed.
Dried solid residues of S. leucomaenis, subsamples of freeze-dried terrestrial litter, GFFs
(epilithic biofilms), and aquatic insects were used for bulk stable carbon and nitrogen isotope ratio
analysis. Utilization of solid residues after a one-step method potentially changes the isotopic value.
Therefore, the relationship between the stable isotope ratios of carbon and nitrogen in original samples
and those in the corresponding dried solid residue after the one-step method were checked in advance
with freshwater fish muscle samples (Supplementary file Figure S1). For nitrogen, while a significant
positive relationship was detected, variation was relatively high. Thus, estimation of trophic position
of S. leucomaenis using solid resides may include some extents of error. However, stable carbon
isotope rations of solid residues well reflected that of the original samples, and the utilization of
solid resides for stable carbon isotope analysis was applied in this study. For the sampling of aquatic
insects, one individual was used for one sample, and we prepared three samples for each study
site. All samples were weighed in microcapsules and injected into an elemental analyzer (Flash EA;
Thermo Fisher Scientific, Bremen, Germany) linked to a mass spectrometer (Delta-V Advantage;
Thermo Fisher Scientific, Bremen, Germany). Stable isotope ratios of bulk carbon and nitrogen were
expressed as Equation (1); where Rsample is the 13C/12C or 15N/14N ratio of the sample, and Rstandard is
the 13C/12C and the 15N/14N ratio of the international isotopic standard (Vienna Pee Dee Belemnite,
and atmospheric N2, respectively).
3. Results
Although canopy cover was high in both the first order rivers, Babame and Kurikoma, with 93.5%
and 91.1%, respectively; the third-order rivers, Hayakuchi and Naruse, had relatively open canopy
with 67.6% and 63.5%, respectively.
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Ten and 11 individuals of S. leucomaenis were caught in Babame and Kurikoma by fishing; however,
just one individual was caught in Hayakuchi and Naruse. There was a relatively high proportion,
ranging from 31% to 68%, of unknown components in the stomach contents that could not be identified
because of decomposition (Figure 1). Terrestrial plants were almost not detected in the stomach
contents, while water and surface baits were dominant in the stomach contents in S. leucomaenis.
There was no obvious relationship between water and surface bait contribution and canopy cover.
Figure 1. Stomach contents (wet weight %) of S. leucomaenis from four study sites.
Although stable carbon and nitrogen isotope ratios of S. leucomaenis varied among study sites,
the trophic position of S. leucomaenis was always the highest (Figure 2). Aquatic insects were generally
at a lower position than S. leucomaenis with similar carbon isotopic values. Leaf litter showed the most
depleted isotopic value for both carbon and nitrogen in all study sites. The range of stable carbon
isotope ratios of leaf litter was relatively narrow, from −31.5% in Hayakuchi to −29.8% in Kurikoma.
For epilithic biofilms, stable carbon isotope ratios were more enriched than terrestrial litter and showed
a wider range, from −27.2% in Kurikoma to −23.8% in Hayakuchi.
All essential fatty acids were detected in S. leucomaenis (Figure 3). The major essential fatty acid
was 22:6ω3. The average contribution of 22:6ω3 was the highest in S. leucomaenis from Kurikoma.
With respect to other essential fatty acids, the other omega-3 fatty acids, such as 18:3ω3 and 20:5ω3,
presented a higher contribution than that of omega-6 fatty acids. In both aquatic insects, essential
fatty acid distribution was similar, with no 22:6ω3. The major fatty acids in both aquatic insects were
18:3ω3 and 20:5ω3. This essential fatty acid pattern was similar among study sites. Epilithic biofilms
mainly consisted of 18:3ω3 and 20:5ω3. The contribution of 20:5ω3 was relatively constant in all study
sites, while 18:3ω3 contribution varied widely among study sites. Only small amounts of 22:6ω3
were detected from epilithic biofilms. Terrestrial litter only contained 18:2ω6 and 18:3ω3. Other C20
essential fatty acids were only detected at low percentages.
The stable carbon isotope ratios of 18:2ω6, 20:4ω6, and 20:5ω3 in S. leucomaenis and epilithic
biofilms were almost the same across study sites (Supplementary file Figure S2); consequently,
a significant or marginally positive relationship was detected between them (correlation analysis:
18:2ω6, n = 4, r = 0.98, p < 0.01; 20:5ω3, n = 4, r = 0.99, p < 0.001; 20:4ω6, n = 4, r = 0.94, p = 0.063)
(Figure 4). Although there was no statistical significance, a positive trend was detected between
the stable carbon isotope ratios of 18:3ω3 in epilithic biofilms and that in S. leucomaenis. The stable
carbon isotope ratios of 18:3ω3 were generally lower in the epilithic biofilms than in S. leucomaenis
Biomolecules 2019, 9, 487 6 of 13
(Supplementary file Figure S2). Contrarily, the stable carbon isotope ratios of 18:2ω6 and 18:3ω3 in
leaf litter were not positively correlated with those of in S. leucomaenis.
Figure 2. Stable isotope ratios biplot for bulk carbon and nitrogen in basal organic carbon sources
and consumers in four study sites. Error bars represent standard deviation.
Figure 3. Contribution of essential fatty acids in basal organic carbon sources and consumers in the four
study sites. Error bars represent standard deviation.
The bulk carbon and nitrogen isotope ratios of leaf litter in Babame in July 2018 showed values similar
to those in July 2016, −29.3% for carbon, and −2.1% for nitrogen (Figure 5). The carbon and nitrogen
stable isotope ratios of epilithic biofilms were −25.1% and 4.3%, respectively. Terrestrial insects in
the stomach of S. leucomaenis were between leaf litters and epilithic biofilms for carbon and nitrogen stable
isotope ratios, with a mean value of −26.7% for carbon and 2.2% for nitrogen. The bulk stable carbon
and nitrogen isotope ratios of S. leucomaenis were the most enriched among all samples, and close to those
of epilithic biofilms.
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Figure 4. Relationship between stable isotope ratios of essential fatty acid in S. leucomaenis and basal
organic sources from the four study sites. The black triangle and open circle represent autochthonous
organic sources (epilithic biofilms) and allochthonous organic sources (leaf litters), respectively.
Error bars represent standard deviation.
Figure 5. Biplot for stable isotope ratios of bulk carbon and nitrogen of basal organic carbon sources,
S. leucomaenis, and surface baits from S. leucomaenis stomachs in Babame, 2018. Error bars represent
standard deviation.
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4. Discussion
4.1. Origin of Organic Sources
Canopy cover is an important factor for biogeochemical and biological processes in headwater
streams [41]. High leaf litter input and limited primary production are expected in headwater
streams. Therefore, a positive relationship between allochthonous contribution and canopy cover
was expected [42]. For instance, dietary inputs of surface baits, such as emerged aquatic insects
and terrestrial insects, can be expected to increase as the canopy cover increased. However, the stomach
contents did not show the expected patterns. Furthermore, our results of bulk carbon stable isotope
ratios demonstrated that allochthonous contribution was very rare in S. leucomaenis, even in the Babame
and Kurikoma study sites, where the canopy cover was very high (>90%). The isotopic positions of
S. leucomaenis were relatively close to aquatic insects for carbon and higher for nitrogen, indicating that
aquatic insects were diet items for S. leucomaenis. There were isotopic differences of 2–3% in carbon
between epilithic biofilms and aquatic insects. The differences seem to be relatively high if a dietary
relationship was assumed between epilithic biofilms and aquatic insects, because 0–1% fractionations
have generally been assumed [21]. These relatively high differences may be explained under some
assumptions. First, epilithic biofilms are the mixture of various organic sources with not only algal
species, but also terrestrial organic matter [43]. According to our fatty acid analysis of epilithic biofilms,
24:0, which is a fatty acid biomarker of higher plants [44], was detected at 1–2% (data not shown),
indicating that the analyzed epilithic biofilms contained terrestrial organic matter. Therefore, the stable
carbon isotope ratios are the average of all contained organic matter [43]. The stable carbon isotope
ratios of leaf litter showed generally low values in our study sites, indicating pure attached algae stable
isotope values were likely more enriched than the analyzed values. If aquatic grazers can selectively
utilize specific preferred carbon sources from periphyton [45], the observed wider fractionation between
aquatic insects and epilithic biofilms is explainable. This wider fractionation could also be explained
by temporal variation of stable carbon isotope ratios in epilithic biofilms. Although the leaf litter
stable carbon isotope ratios were relatively constant among the study sites, those of epilithic biofilms
widely varied, even in the same study sites between 2016 and 2018 in Babame. It is known that algal
stable carbon ratios varied along the gradient of some environmental factors such as isotopic value
of dissolved inorganic carbon [8,46] and growth stage [46,47]. This potentially high variability made
it difficult to infer the algae dietary contribution for consumers under one-time sampling of stable
carbon isotope. Contrastingly, stable carbon isotope ratios of animals were considered to integrate
relatively long times [22]. The stable carbon isotope ratios of aquatic insects were generally higher
than those of leaf litter and relatively similar to those of attached algae. Thus, the main organic source
for S. leucomaenis seems to be autochthonous, that is, epilithic biofilms transferred through aquatic
insects, regardless of canopy cover in the study sites.
Major dietary contribution of autochthonous sources for headstream consumers has been reported
for tropical [6], subtropical [48], and temperate regions [7]. For instance, Lewis et al. [49] showed
a major contribution of autochthonous dietary input even under the dominant input of allochthonous
organic matters. These contrary observations against the predictions of RCC can be attributed to poor
food quality of terrestrial organic matters and high quality of algae [18,50]. However, as observed from
the stomach contents analysis, there was a substantial contribution of fallen insects to S. leucomaenis
diet, in accordance to previous studies on S. leucomaenis stomach content [51]. In this study, we could
not identify each species. However, according to the stable carbon isotope ratio analysis of surface
baits in stomach contents, the carbon sources of these surface baits must have been derived partly from
aquatic algae. Some riparian insects spend larval life in aquatic ecosystems and have been known to
play an important role transferring highly unsaturated fatty acids from aquatic to terrestrial ecosystems
by emerging [52]. This indicated that parts of surface baits can also be a vector of autochthonous carbon
going back to aquatic ecosystems. Several researchers pointed out that dietary utilization of riparian
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insects is one of the pathways to acquire autochthonous organic sources [18]. Therefore, to evaluate
organic matter origin, assimilation-based methods (e.g., stable isotope and fatty acids) are required.
4.2. Origin of Essential Fatty Acids
It is well known that lipids have more negative δ13C values than that of other biochemical
compounds because lighter carbons tend to be used for conversion of pyruvate to acetyl coenzyme
A in lipid synthesis [53]. Therefore, several studies have reported more depleted isotopic values
in essential fatty acids than that of bulk carbon [27,30]. Similarly, stable isotope ratios of essential
fatty acids were substantially depleted compared with that of bulk carbon in the current study.
Furthermore, spatial difference was also observed in both bulk and essential fatty acids isotope.
Enriched isotopic value was observed in Hayakuchi and Naruse Rivers where canopy cover was
relatively low, indicating high availability of sunlight for photosynthesis. It is known that high
growth rate makes algal isotopic value enriched due to the increase of contribution of heavy CO2 [46].
The observed wider difference in isotopic ratios of epilithic biofilm can be reflected in the photosynthetic
activity in each study site.
S. leucomaenis contained all essential fatty acids. 18:2ω6 and 18:3ω3 were detected in both organic
carbon sources, leaf litters and epilithic biofilms. These fatty acids are not synthesized by animals [54],
indicating the origin of these fatty acids in S. leucomaenis was either or both of them. We observed
a significant positive relationship of stable carbon isotope ratios of 18:2ω6 between epilithic
biofilms and S. leucomaenis indicating that this essential fatty acids in S. leucomaenis was mainly
of autochthonous origin. For 18:3ω3, although a positive tendency was observed between epilithic
biofilms and S. leucomaenis, this relationship was not statistically significant. However, since 18:3ω3
cannot be synthesized by S. leucomaenis, 18:3ω3 must come from either epilithic biofilms or leaf litter.
Epilithic biofilms seem to be a probable candidate for the origin in 18:3ω3 for S. leucomaenis because
isotopic values of leaf litter were highly depleted compared to that of S. leucomaenis, which cannot be
explained by the previously reported isotopic fractionation, small [27] or depleted and inconsistent [32].
The origin of 20:5ω3 and 20:4ω6 seems to be epilithic biofilms or biosynthesis from their
corresponding precursors, namely 18:3ω3 and 18:2ω6, respectively [13]. The stable carbon isotope
ratios of both essential fatty acids showed positive relationships between S. leucomaenis and epilithic
biofilm, indicating that these essential fatty acids were also of autochthonous origin. If we assume
the origin of essential fatty acids to be epilithic biofilm, isotopic fractionation through two trophic
levels, namely epilithic biofilm, aquatic insects, and S. leucomaenis for 18:2ω6, 20:5ω3, and 20:4ω6
was−0.9–0.4%, 0–1.5%, and−1.0–3.3%, respectively. On the contrary, for 18:3ω3, the expected isotopic
fractionation of epilithic biofilm to S. leucomaenis via aquatic insects was 1.6–8.0%. Fujibayashi et al. [29]
found no significant difference of isotopic value of 18:3ω3 between freshwater fish and blooming
cyanobacteria. However, the mechanism of this inconsistent and variable fractionation for 18:3ω3 was
not explainable in this study. Further research is required for isotopic fractionation of essential fatty
acids in food chains.
While 22:6ω3 was the most abundant essential fatty in S. leucomaenis, both organic sources
and aquatic insects did not contain 22:6ω3. However, we only analyzed the fatty acid content in two
ephemeral groups. Moreover, the absence or very small contribution of 22:6ω3 in aquatic insects
has been reported for a wide range of aquatic insect taxa [55–57]. As 22:6ω3 was less available from
dietary sources, 22:6ω3 detected in S. leucomaenis must be biosynthesized from its precursor [11].
During elongation from 20:5ω3 to 22:6ω3, lighter carbon may be preferentially added. Consequently,
22:6ω3 isotopic value depleted compared with that of 20:5ω3 [27]. However, we found that almost
the same or slightly enriched isotopic values in 22:6ω3 compared with that of 20:5ω3 (Supplementary file
Figure S2). The same tendency was observed in several aquatic consumers, including fish, in Yenisei
River [30]. Gladyshev et al. [30] pointed out the possibility that the acetate pool, which is required
for elongation of fatty acid, is significantly enriched in 13C compared with fatty acids. While further
study is needed to comprehensively understand essential fatty acid dynamics in aquatic ecosystems,
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our results demonstrated that the main source of essential fatty acids in headstream food webs was
autochthonous organic matter.
5. Conclusions
Dietary origin of total organic carbon and essential fatty acids for the predatory fish S. leucomaenis
was investigated in the four headwater streams with the two hypotheses: (1) the dietary allochthonous
contribution for fish in headwater stream food webs positively relate with canopy cover; and (2) essential
fatty acids originate from autochthonous organic matter regardless of canopy cover. Our results
indicated that autochthonous organic matters were the main dietary origin of not only essential fatty
acids, but also total organic carbon regardless of canopy cover.
Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/9/9/487/s1.
Figure S1 Relationship between stable isotope ratios of bulk and lipid free fish muscle samples (n = 137).
Figure S2 Isotopic value of essential fatty acids in collected samples from each study stream. Error bars represent
standard deviation.
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17. Nowosad, J.; Kucharczyk, D.; Targońska, K. Enrichment of zebrafish Danio rerio (Hamilton, 1822) diet with
polyunsaturated fatty acids improves fecundity and larvae quality. Zebrafish 2017, 14, 364–370. [CrossRef]
18. Brett, M.T.; Bunn, S.E.; Chandra, S.; Galloway, A.W.E.; Guo, F.; Kainz, M.J.; Kankaala, P.; Lau, D.C.P.;
Moulton, T.P.; Power, M.E.; et al. How important are terrestrial organic carbon inputs for secondary
production in freshwater ecosystems? Freshw. Biol. 2017, 62, 833–853. [CrossRef]
19. Taipale, S.; Strandberg, U.; Peltomaa, E.; Galloway, A.W.E.; Ojala, A.; Brett, M.T. Fatty acid composition
as biomarkers of freshwater microalgae: Analysis of 37 strains of microalgae in 22 genera and in seven
classes. Aquat. Microb. Ecol. 2013, 71, 165–178. [CrossRef]
20. Cattaneo, A.; Kerimian, T.; Roberge, M.; Marty, J. Periphyton distribution and abundance on substrata of
different size along a gradient of stream trophy. Hydrobiologia 1997, 354, 101–110. [CrossRef]
21. DeNiro, M.J.; Epstein, S. Influence of diet on the distribution of carbon isotopes in animals. Geochim. Cosmochim. Acta
1978, 42, 495–506. [CrossRef]
22. Finlay, J.C. Stable-carbon-isotope ratios of river biota: Implications for energy flow in lotic food webs.
Ecology 2001, 82, 1052–1064. [CrossRef]
23. Minagawa, M.; Wada, E. Stepwise enrichment of 15N along food chains: Further evidence and the relation
between δ15N and animal age. Geochim. Cosmochim. Acta 1984, 48, 1135–1140. [CrossRef]
24. Zanden, M.; Vander, J.; Rasmussen, J.B. Variation in δ15N and δ13C trophic fractionation: Implications for
aquatic food web studies. Limnol. Oceanogr. 2001, 46, 2061–2066. [CrossRef]
25. Vanderklift, M.A.; Ponsard, S. Sources of variation in consumerdiet δ15N enrichment: A meta-analysis.
Oecologia 2003, 136, 169–182. [CrossRef] [PubMed]
26. Budge, S.M.; AuCoin, L.R.; Ziegler, S.E.; Lall, S.P. Fractionation of stable carbon isotopes of tissue fatty acids
in Atlantic Pollock (Pollachius virens). Ecosphere 2016, 7, e01437. [CrossRef]
27. Fujibayashi, M.; Ogino, M.; Nishimura, O. Fractionation of the stable carbon isotope ratio of essential fatty
acids in zebrafish Danio rerio and mud snails Bellamya chinensis. Oecologia 2016, 180, 589–600. [CrossRef]
[PubMed]
28. Budge, S.M.; Wooller, M.J.; Springer, A.M.; Iverson, S.J.; McRoy, C.P.; Divoky, G.J. Tracing carbon flow in
an arctic marine food web using fatty acid-stable isotope analysis. Oecologia 2008, 157, 117–129. [CrossRef]
[PubMed]
29. Fujibayashi, M.; Okano, K.; Takada, Y.; Mizutani, H.; Uchida, N.; Nishimura, O.; Miyata, N. Transfer of
cyanobacterial carbon to a higher trophic-level fish community in a eutrophic lake food web: Fatty acid
and stable isotope analyses. Oecologia 2018, 188, 901–912. [CrossRef] [PubMed]
30. Gladyshev, M.I.; Sushchik, N.N.; Kalachova, G.S.; Makhutova, O.N. Stable isotope composition of fatty acids
in organisms of different trophic levels in the Yenisei River. PLoS One 2012, 7, e34059. [CrossRef] [PubMed]
31. Bec, A.; Perga, M.E.; Koussoroplis, A.; Bardoux, G.; Desvilettes, C.; Bourdier, G.; Mariotti, A. Assessing
the reliability of fatty acid-specific stable isotope analysis for trophic studies. Methods Ecol. Evol. 2011,
2, 651–659. [CrossRef]
32. Gladyshev, M.I.; Makhutova, O.N.; Kravchuk, E.S.; Anishchenko, O.V.; Sushchik, N.N. Stable isotope
fractionation of fatty acids of Daphnia fed laboratory cultures of microalgae. Limnologica 2016, 56, 23–29.
[CrossRef]
33. Nielsen, J.M.; Clare, E.L.; Hayden, B.; Brett, M.T.; Kratina, P. Diet tracing in ecology: Method comparison
and selection. Methods Ecol. Evol. 2018, 9, 278–291. [CrossRef]
34. Sakamaki, T.; Richardson, J.S. Biogeochemical properties of fine particulate organic matter as an indicator of
local and catchment impacts on forested streams. J. Appl. Ecol. 2011, 48, 1462–1471. [CrossRef]
35. Sakamaki, T.; Shum, J.Y.T.; Richardson, J.S. Watershed effects on chemicalproperties of sediment and primary
consumption in estuarine tidal flats:importance of watershed size and food selectivity by macrobenthos.
Ecosystems 2010, 13, 328–337. [CrossRef]
Biomolecules 2019, 9, 487 12 of 13
36. Fujibayashi, M.; Sakamaki, T.; Shin, W.; Nishimura, O. Food utilization of shell-attached algae contributes to
the growth of host mud snail, Bellamya chinensis: Evidence from fatty acid biomarkers and carbon stable
isotope analysis. Limnologica 2016, 57, 66–72. [CrossRef]
37. Takenaka, A. CanopOn 2: Hemispherical photography analysis program. Available online: http://takenaka-
akio.org/etc/canopon2/index.html. (accessed on 30 June 2019).
38. Tsuda, M. Consideration on the contents of alimentary canals of Salvelinus leycomaenis pluvius and Oncorhynchus
masou f. masou from Ina-gawa River System. Jpn. J. Limnol. 1967, 28, 51–55. [CrossRef]
39. Kato, F. Ecological and morphological notes on the charr, Salvelinus leucomaenis in the Nagara River and Ibi
River systems. SUISANZOSHOKU 1992, 40, 145–152.
40. Abdulkadir, S.; Tsuchiya, T. One-step method for quantitative and qualitative analysis of fatty acids in marine
animal samples. J. Exp. Mar. Biol. Ecol 2008, 354, 1–8. [CrossRef]
41. Sakamaki, T.; Richardson, J.S.; Arnott, S. Nonlinear variation of stream-forest linkage along a stream-size
gradient: An assessment using biogeochemical proxies of in-stream fine particulate organic matter.
J. Appl. Ecol. 2013, 50, 1019–1027. [CrossRef]
42. Collins, S.M.; Kohler, T.J.; Thomas, S.A.; Fetzer, W.W.; Flecker, A.S. The importance of terrestrial subsidies in
stream food webs varies along a stream size gradient. Oikos 2016, 125, 674–685. [CrossRef]
43. Ishikawa, N.F.; Yamane, M.; Suga, H.; Ogawa, N.O.; Yokoyama, Y.; Ohkouchi, N. Chlorophyll a-specific
∆14C, δ13C and δ15N values in stream periphyton: Implications for aquatic food web studies. Biogeosciences
2015, 12, 6781–6789. [CrossRef]
44. Wang, L.; Wu, F.; Xion, Y.; Fang, J. Origin and vertical variation of the bound fatty acids in core sediment of
Lake Dianchi in Southwest China. Env. Sci. Poll. Res. 2013, 20, 2390–2397. [CrossRef] [PubMed]
45. Tall, L.; Cattaneo, A.; Cloutier, L.; Dray, S.; Legendre, P. Resource partitioning in a grazer guild feeding on
a multilayer diatom mat. J. North. Am. Benthol. Soc. 2006, 25, 800–810. [CrossRef]
46. Finlay, J.C. Patterns and controls of lotic algal stable carbon isotope ratios. Limnol. Oceanogr. 2004, 49, 850–861. [CrossRef]
47. Hill, W.R.; Middleton, R.G. Changes in carbon stable isotope ratios during periphyton development.
Limnol. Oceanogr. 2006, 51, 2360–2369. [CrossRef]
48. Huang, I.Y.; Lin, Y.S.; Chen, C.P.; Hsieh, H.L. Food web structure of a subtropical headwater stream.
Mar. Freshw. Res. 2007, 58, 596–607. [CrossRef]
49. Lewis, W.M., Jr.; Hamilton, S.K.; Rodríguez, M.A.; Saunders, J.F., III; Lasi, M.A. Foodweb analysis of
the Orinoco floodplain based on production estimates and stable isotope data. J. North. Am. Benthol. Soc.
2001, 20, 241–254. [CrossRef]
50. Crenier, C.; Arce-Funck, J.; Bec, A.; Billoir, E.; Perrière, F.; Leflaive, J.; Guérold, F.; Felten, V.; Danger, M. Minor
food sources can play a major role in secondary production in detritus-based ecosystems. Freshw. Biol. 2017,
62, 1155–1167. [CrossRef]
51. Nakano, S.; Fausch, K.D.; Kitano, S. Flexible niche partitioning via a foraging mode shift: A proposed
mechanism for coexistence in stream-dwelling charts. J. Anim. Ecol. 1999, 68, 1079–1092. [CrossRef]
52. Gladyshev, M.I.; Arts, M.T.; Sushchik, N.N. Preliminary estimates of the export of omega-3 highly unsaturated
fatty acids (EPA+DHA) from aquatic to terrestrial ecosystems. In Lipids in Aquatic Ecosystems; Kainz, M.,
Brett, M.T., Arts, M.T., Eds.; Springer: New York, NY, USA, 2009; pp. 179–210.
53. Logan, J.M.; Jardine, T.D.; Miller, T.J.; Bunn, S.E.; Cunjak, R.A.; Lutcavage, M.E. Lipid corrections in
carbon and nitrogen stable isotope analyses: Comparison of chemical extraction and modelling methods.
J. Anim. Ecol. 2008, 77, 838–846. [CrossRef]
54. Hastings, N.; Agaba, M.; Tocher, D.R.; Leaver, M.J.; Dick, J.R.; Sargent, J.R.; Teale, A.J. A vertebrate fatty acid
desaturase with ∆5 and ∆6 activities. PNAS 2001, 98, 14304–14309. [CrossRef] [PubMed]
55. Sushchik, N.N.; Gladyshev, M.I.; Moskvichova, A.V.; Makhutova, O.N.; Kalachova, G.S. Comparison of
fatty acid composition in major lipid classes of the dominant benthic invertebrates of the Yenisei river.
Comp. Biochem. Physiol. B 2003, 134, 111–122. [CrossRef]
Biomolecules 2019, 9, 487 13 of 13
56. Torres-Ruiz, M.; Wehr, J.D.; Perrone, A.A. Are net-spinning caddisflies what they eat? An investigation using
controlled diets and fatty acids. J. North. Am. Benthol. Soc. 2010, 29, 803–813. [CrossRef]
57. Guo, F.; Kainz, M.J.; Sheldon, F.; Bunn, S.E. Effects of light and nutrients on periphyton and the fatty acid
composition and somatic growth of invertebrate grazers in subtropical streams. Oecologia 2016, 181, 449–462.
[CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
